Autumn coloring, photosynthetic performance and leaf development of deciduous broad-leaved trees in relation to forest succession T. KOIKE Forestry and Forest Products Research Institute, HoWtaido Research Center, Sapporo 004, Japan Summary Autumn coloring of deciduous broad-leaved trees in northern Japan was found to develop either from the inner part of the crown outward (inner-type), or from the outer part of the crown inward (outer-type). Inner-type trees had early-successional characteristics, whereas outer-type trees had late-successional characteristics.
Although alders (Alnus hirsuta (Spach) Rupr. and A. japonica (Thunb.) Steud.) did not change color in the fall, these early-successional species were also studied. Both chlorophyll content and chlorophyll a/b ratio increased then decreased with increasing leaf age. In early fall, however, chlorophyll content of leaves on the same branch decreased from older to younger leaves only in the inner-type species. Net photosynthetic rates at light saturation of individual leaves increased then decreased at a greater rate in inner-type species than in outer-type species. Leaf dry weight per unit area decreased more before leaf fall in outer-type species than in inner-type species. Inner-type species have younger leaves at the outer surface of crowns, whereas in outer-type species, leaf age is similar throughout the crown. Leaf senescence of outer-type species began in the outer surface of crowns. The pattern of leaf senescence and the development of fall colorations may be related to the growth strategy of the species.
Introduction
Cool temperate forests are characterized by trees with various kinds of autumn coloring (e.g., Hicks and Chabot 1985) . With short days and low temperature, leaves begin to senescence and chlorophyll is degraded. With loss of chlorophyll and synthesis of anthocyanins, leaves become yellow, orange, and red in color (Addicott and Lyon 1983, Nagata 1983) . Koike (1987~) reported that autumn coloring of Betula platyphylla var. japonica began from the inner part of crowns, whereas that of Acer mono began in the outer part of crowns. There appears to be a relationship between the pattern of autumn coloring and the growth strategy of tree species. The pattern of shoot growth is related to the survival strategy of tree species (Marks 1975 , Maruyama 1978 , Bicknell 1982 , Boojh and Ramakrishnan 1982 , Koriba 1985 ; early-successional species have a longer period of leaf emergence than late-successional species; mid-successional species show intermediate characteristics (Kikuzawa 1983) .
Little is known about the relationship between growth characteristics of deciduous broad-leaved trees and their pattern of autumn coloring (Larcher 1984) . This study was undertaken, therefore, to determine whether there is a relationship between the pattern of autumn coloring and shoot development and whether autumn coloration is indicative of the process of leaf senescence.
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Materials and methods
Plant materials
Trees of the 30 species used in the study were planted in the arboretum and experimental forest of the Hokkaido Research Center, Forestry and Forest Products Research Institute located southwest of Sapporo (42"58' N, 141"23' E, 140 m altitude) . The species (see Table 1 ) are representative of tall trees in northern Japan (Kikuzawa 1983 , Koike 1988 . The trees were between 15 and 35 years old in 1984. They ranged in height from 4.5 to 5.8 m, and were between 6.2 and 10.6 cm in diameter at a height of 1.3 m.
Surveys of autumn coloring in the trees were carried out at one-week intervals in 1984. Autumn coloration was recorded from the south or east side of the crowns of three to five trees per species. Leaf age in selected shoots situated on the sunny side of crowns was recorded at lo-to 14-day intervals from April to early November in 1984.
Measurements
Physiological changes were monitored on early-successional species with indeterminant leaf growth (Alnus hirsuta), early-successional species with heterophyllous leaf growth (Betula maximowicziana) (see Koike and Sakagami 1985) , intermediate species (Ostrya japonica and Fraxinus mandshurica var. japonica), and late-successional species with determinant leaf growth (Carpinus cordutu and Acer mono).
For measurements of gas exchange rates, chlorophyll contents, and leaf dry weight per unit area (SLW, mg cmm2, see Nobel 1983) , leaves were collected from the southeast side of crowns under full sunlight (2.5 to 3.5 m above ground level) of two to three trees of each of the six species chosen as representative of the different leaf developmental types and successional growth strategies.
To obtain a uniform leaf age of around 30 days for the study of seasonal changes in gas exchange rates and chlorophyll content, measurements were made on the fourth leaf from the shoot tip. Shoots more than 80 cm in length were harvested after sunset and the shoot tip (about 10 cm in length) excised underwater with a diagonal cut. The cut end of the shoot was flamed to prevent resin exudation that could cause vessel plugging.
Leaves were placed in assimilation chambers (20 x 18 x 2 cm) in a growth chamber (Koito KG) illuminated with 8 incandescent, 16 metal halide, 6 mercury, and 16 fluorescent lamps. Photosynthetic photon flux density (PPFD, pmol mm2 s-l) near the leaf surface was measured with a quantum sensor . Air supplied to the assimilation chamber was stored in a temperature-controlled air bag to maintain relative humidity at around 90%. Humidity was measured with a humidity sensor (Vaisla HMP 3 1UT).
Net photosynthetic rates were determined with an infrared gas analyzer (URA2S, Shimadzu) at 620 pmol me2 s-', which was saturating for photosynthesis in the 30 species (Koike 1988). Measurements of gas exchange were made at an optimum leaf temperature of 20 "C as previously determined (Koike 1987~). Each measurement was replicated three times using one to three leaves to give a total leaf area of around 160 cm2. Leaf and air temperatures were monitored with a copper constantan thermocouple. The flow rate to the chamber was 83.3 cm3 s-l. Leaf area was measured with an area meter (Hayashi AAM-5). Dry weight was determined after drying at 85 "C for 48 h. Chlorophyll content in the experimental leaf was analyzed in 80% acetone extracts (Mackinney 1941) .
Most measurements were made in 1984, but additional measurements were made in 1987 and 1989 on Ostrya japonica and Alnus hirsuta, respectively.
Results
Pattern of autumn coloring
Typical patterns of shoot development and autumn coloring are shown in Figure 1 . Leaves of all species, except Alnus, changed color between mid-September and the end of October in 1984. Leaves of Alnus remained green until early November, then http://treephys.oxfordjournals.org/ Downloaded from KOME turned dark green or black after the first frosts. Autumn coloring, which was related to shoot development, progressed either from the inner part of the crown outward (inner-type), or from the outer part of the crown inward (outer-type) (Table 1) . Tree species that began autumn coloring from the inner part of the crown produced leaves over a long period, whereas species that began coloring from the outer part of the crown completed flushing within a short period in spring (cf. numbers in parenthesis in Table 1 ).
Seasonal changes in leaf-age distribution within shoots, leaf chlorophyll content and light saturated photosynthesis
The distribution of leaf-age within shoots varied widely in the indeterminant (Alnus hirsuta) and heterophyllous (Betula maximowicziana) types, narrowly in the intermediate type (Ostrya japonica, Fraxinus mandshurica var. japonica), and very narrowly in the determinant type (Carpinus cordata, Acer mono) (Figure 2 ). In late September to mid-October, the distribution of leaf-age within shoots ranged from 20 to 140 days in Alnus hirsuta, 80 to 140 days in Betula maximowicziana, 100 to 140 days in Ostrya japonica and Fraxinus mandshurica var. japonica, and 140 to 160 days in Carpinus cordata and Acer mono.
Chlorophyll content in the fourth leaf from the shoot tip reached a maximum more slowly in indeterminant and heterophyllous types than in determinant types (Figure 3) . Chlorophyll content of leaves of all species generally increased then decreased over the season. The autumn decrease was greater in late-successional types (outer-type) such as Acer and Carpinus because the fourth leaf from the shoot tip was much older relative to the same leaf in Alnus or Betula. In early November, when other species had shed their leaves, the chlorophyll content of Alms hirsuta leaves was still 2.2 mg dmm2. In all species, light saturated photosynthesis increased then decreased over the season. The seasonal changes in photosynthetic rate and leaf chlorophyll content were similar in all species, but major quantitative differences were observed (Figure 4) . For example, in Ostrya the seasonal pattern of photosynthesis was closely related to leaf chlorophyll content, whereas in Fraxinus early seasonal photosynthetic rate was about twice that of the late seasonal rate (8 verSuLv 4 pmol mm2 s-', respectively) at a chlorophyll content of 3 mg dme2. This indicates that there are 
Discussion
Both photosynthetic activity of individual leaves and leaf life span (Chabot and Hicks 1982) are influenced by the pattern of shoot development (Dickmann et al. 1975 , Sestak et al. 1985 , Dickson 1986 , 1989 , Koike 1987b . Trees with indeterminant leaf development produce new leaves throughout the growing season. These leaves have high rates of photosynthesis but relatively short life spans. In contrast, trees with a determinant growth habit produce a flush of leaves early in the growing season. These leaves have low rates of photosynthesis but relatively long life spans. The developmental patterns of autumn coloration are related to this leaf production strategy. Trees with indeterminant leaf production began color development from the inner part of the crown (inner-type trees), whereas trees with determinant leaf production began color development from the outer part of the crown (outer-type trees). These developmental patterns of autumn coloration could be used to evaluate the growth strategy and successional characteristics of deciduous broad-leaved trees. During senescence, many compounds, particularly those containing nitrogen and phosphorus, are recycled from the leaf into the stem (see, e.g., Dickson 1989). The amount of mineral that is recycled varies with species and is related to the growth strategy of the species (Day and Monk 1977h, Chapin and Kedrowski 1983 , Medina 1984 , Karlsson 1985 . Alms, perhaps because of its association with nitrogen-fixing microorganisms, recycles relatively little material before leaf fall (Dawson and Funk 1981 , CBte and Dawson 1986 , Neave et al. 1989 ). In the fall, the SLW of Alms, Betula, and Fraxinus decreased little (Figure 6 ), whereas the SLW of Ostrya, Carpinus, and Acer decreased significantly. This may indicate that outer-type species are more nutrient conservative in their growth strategy than inner-type species. As leaves senesced, chlorophyll a decreased, which resulted in a decrease in the chlorophyll a/b ratio (Figure 7) . A low chlorophyll a/b ratio was found in aged leaves (Kura-Hotta et al. 1987) , which might imply a loss of reaction center complexes (Kura-Hotta et al. 1987) . Inactivation of RuBP carboxylase-oxygenase (Vapaavuori and Vuorinen 1989) and a reduction in electron transport efficiency (Nilsen et al. 1988 ) occur during leaf aging. This senescence pattern is particularly pronounced in inner-type species, which have a wide range of leaf ages (Figure 7) .
The distribution of leaf age within shoots is strongly related to the pattern of leaf initiation and development (Harper 1989a (Harper , 1989b . There is a negative relationship between leaf life span and maximum Pns (Chabot and Hicks 1982, Koike 1988) . The inner-type species continued shoot extension and leaf production throughout the growing season. The newly formed leaves had a high photosynthetic capacity, but were susceptible to low temperature injury and had only a limited life span. 'Thus photosynthesis of inner-type species is largely confined to the outer surface of a continuously expanding crown, which may be advantageous where there is competition for crown space. In contrast, outer-type species quickly complete shoot elongation during the spring using materials accumulated in the preceding year. Leaves of outer-type species do not have such a high maximum photosynthetic capacity as those of inner-type species, but they have a greater ability to withstand stress and a longer life span. This pattern of development may confer a competitive advantage in certain forest conditions (Bicknell 1982 , Day and Monk 1977a , Kikuzawa 1983 .
Previous researchers (Marks 1975 , Day and Monk 1977a , Maruyama 1979 , Bicknell 1982 ) investigated patterns of shoot elongation during the spring. This approach requires observation over many weeks to determine the successional strategy of tree species. Observing patterns of fall coloration may provide a fast way to evaluate successional characteristics of deciduous broad-leaved trees, especially in mid-successional species. 
